We investigate the possibility that the inflaton, in particular in conformal inflation models, is also a chameleon, i.e. that it couples to the energy density of some heavy non-relativistic matter present during inflation. We find new and interesting attractor-like behaviours, either prolonging inflation, or changing the observables n s , r, depending on the sign of the chameleon coupling exponent. We also check that the chameleon coupling with the heavy matter field strongly suppress entropy modes during inflation. *
Introduction
The idea that a scalar can have a "chameleon" coupling to the (non-relativistic) matter density was introduced, in part, to allow for a scalar that can be very light on cosmological scales while also "hiding" its effects from observations in the lab (on Earth), or in the Solar System [1, 2] . Various laboratory searches have been initiated for such a scalar (e.g., [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ). From a theoretical perspective, this alleviates the problem of having too many a priori light scalars in string theory (moduli): if they are chameleons, they don't contradict known experiments to date. A way to embed chameleons in string theory was suggested in [21] .
On the other hand, since the chameleon is a scalar, an economical ansatz is for the same field that acts as an inflaton near the Big Bang to be the chameleon. This idea was explored in [22] . In this case, however, the two regions (inflation and chameleon) are separated by a large region of vanishing potential in field space, and the inflationary era itself is not affected by the chameleon coupling. An attempt to consider what happens if we consider inflation in the presence of a chameleon or symmetron [23] coupling was considered in [24] and [25] .
In this paper we want to consider the issue of inflation with a chameleon coupling taking into account that there can be new "attractor-like" phases due to the chameleon coupling, where various forms of matter (contributions to the energy-momentum tensor) scale in the same way with the scale factor, as seen for instance in [22] at zero potential. Since we need to consider "new inflation" type of models with a plateau, a natural starting point is the system of "conformal inflation" models (see for instance [26, 27] ), as analyzed in [28] .
We will assume the existence of some heavy, non-relativistic matter with density ρ X during the plateau phase (inflation), coupled to the inflaton via a chameleon coupling, ρ X F (φ), and for the coupling the standard form F = e cφ/M Pl . We will investigate the possibility of attractor-like behaviour due to this coupling, and see that depending on the sign of c, we can have either a prolonged period of attractor behaviour before inflation, or an effective inflationary potential that is different, with modified values for the CMBR observables n s , r.
The paper is organized as follows. In section 2 we start by describing the set-up of conformal inflation coupled to the energy density through a chameleon coupling, and then derive the equations of motion, and note that depending on the sign of c appearing in F (φ), we have two different cases. In section 3 we describe the evolution of the system, and note that it leads to two attractors in the c > 0 case and a single one in the c < 0 case. In section 4 we consider the modifications the chameleon coupling implies for the inflationary region, and we find that in the c < 0 it shortens inflation, whereas in the c > 0 case it modifies it, leading to different values for the CMBR observables n s and r. In section 5 we conclude.
2 Conformal inflation and set-up
Conformal inflation coupled to energy density
Conformal inflation is a perturbation of an exactly "conformally invariant" model, that doesn't contain a fundamental scale, even the Planck scale; all the scales appear from gauge fixing and minimizing the potential 1 . The action is
Notice that the coupling of the scalars to the Einstein term has the conformal value, and that the potential is quartic, such as not to have any dimensionful parameters in the action.
Then we have a local "Weyl" type symmetry, acting on the fields by g µν → e −2σ(x) g µν ; χ → e σ(x) χ, φ → e σ(x) φ.
(2.2)
We also have an SO(1, 1) symmetry rotating (φ, χ) (note that we have only the combination χ 2 − φ 2 and the corresponding kinetic term), which acts as a Lorentz type symmetry (originally, in [30] [31] [32] , the model was motivated by 2-time physics: a covariant (4, 2)-dimensional form led to it, with the SO(1, 1) being a remnant of the SO(4, 2) Lorentz invariance). Alternatively, the SO(1, 1) symmetry can also be obtained from a model with SO(4, 2) conformal invariance in 3+1 dimensions, as motivated in [33] [34] [35] .
The field χ has the wrong sign kinetic term, so it would seem it is a ghost. However, the local "Weyl" symmetry above allows one to use a gauge choice to set it to zero, therefore the ghost is not physical. Choosing a gauge for the local "Weyl" symmetry also introduces a scale, the Planck scale, that will appear in front of the Einstein action. Yet, since the theory has only a single scale, its value is simply a definition of units, defining for instance what "one meter" is (or what is 10 19 GeV ), and physics is independent of the value we attribute to this scale, since it is a gauge choice.
The gauge we will be mostly interested in is the Einstein gauge, defined by χ 2 − φ 2 = 6M 2 Pl . We solve this constraint in terms of a canonically normalized field ϕ by
In terms of ϕ, we obtain the simple Einstein plus canonical scalar action, with a cosmological constant,
To obtain an inflationary model from the one above, we must deform the theory so that the cosmological constant gets modified into a potential with a plateau. We do so by keeping the local "Weyl" symmetry, and deforming the SO(1, 1) symmetry so that it is only approximately valid, at large field values. Imposing the "Weyl" invariance, we must have a potential of the type f (φ/χ)φ 4 , since both φ/χ and √ −gφ 4 are locally "Weyl" invariant. Imposing moreover that the potential reduces to the (φ 2 − χ 2 ) 2 form at large field values, we finally obtain the most general form 5) or in another parametrization
In the last form, in order to have the SO(1, 1) symmetry at large field values, since in the Einstein gauge φ/χ = tanh ϕ/ √ 6M Pl , which goes to 1 at large ϕ, we must impose g(1) = 1.
For simplicity, we will consider only cases with f (x) = 1. Moreover, as in [28] , with a simple polynomial form for g(x),
where ω = 246GeV / √ 6M Pl and n > 2, we can interpolate between the conformal inflation plateau and a Higgs potential at small field values, V ϕ 2 − 6ω 2 M 2 Pl 2 , so it presents a simple set-up, with the same scalar playing the role of inflaton and Higgs. In this case, at ϕ → ∞, using that ω 2 1, we obtain the potential
This exponentially-corrected plateau behaviour is the generic one for any function g(x) that is well behaved near x = 1, where we have the large-field (large ϕ) expansion.
One easily find the scalar spectral index and the tensor to scalar ratio, n s and r, in terms of the number of e-folds N e . In this case 9) as in the Starobinsky model. Thus the simplest model of conformal inflation effectively gives the Starobinsky model. More generally, the Starobinsky model result above is found from the general potential at ϕ → ∞
If one replaces 2/3 in the exponent by a general factor a, n s is unchanged, but r is changed to 8/(a 2 N 2 e ).
In the class of conformal inflation models, as we saw, any generic, well behaved at x = 1, function g(x) will give the simple Starobinsky model at large field ϕ. Yet, with a slightly more unusual function g(x), which can be defined implicitly by 13) or equivalently, near y 1,
The above potential is interesting because it combines the necessary inflationary plateau (the constant term) with the inverse power law potential which was the first model for a chameleon.
Consider that the canonical scalar ϕ is not just the inflaton as above, but is also a chameleon, coupling universally to the (non-relativistic) energy density ρ through a coupling ρF (ϕ), where 15) and where ϕ 0 M Pl is some large VEV introduced to normalize the energy density when ϕ = ϕ 0 .
The field ϕ being a chameleon, means that the above coupling is relevant whenever there is a non-relativistic energy density. That is certainly true during the current matter (and Λ) dominated phase, the period for which the chameleon was invented.
However, it will also be relevant in the case that there is a very heavy non-relativistic species X during inflation and before, with a decay time scale τ = 1/Γ of the order of (or larger) than the time scale for inflation. Such a species will couple to the chameleon through its energy density ρ m , for a total energy density ρ X = ρ m F (ϕ). While the existence of such a species X might seem arbitrary, certainly at the Planck scale, we expect that there will be many massive species, so it is not a stretch to assume such a species will exist also during inflation. As for it being non-relativistic, we should remember that in slow-roll inflation also one assumes kinetic energy much smaller than the potential one. Extending this assumption to X would mean kinetic energy much smaller than the mass term (rest energy), leading to a non-relativistic species. Then moreover the natural scale for Γ is also of the order of H during inflation. In conclusion, our assumption is certainly special, but not more so than inflation itself.
Equations of motion and two cases
The equations of motion for the cosmology are the Friedmann equation for gravity, together with the energy conservation equation or equivalently the acceleration equation, and the Klein-Gordon (KG) equation for the scalar. We will write them as an evolution in terms of the number of e-folds, N , defined by dN = d ln a, instead of as a time evolution. Doing so simplifies the analysis.
In terms of N , the non-relativistic, chameleon-coupled energy density scales as
and radiation scales as
The KG equation for the scalar is noẅ
To write the Friedmann and acceleration equations for gravity, note first that the energy-momentum tensor of a homogeneous scalar with canonical kinetic term and potential V is 19) which means that energy density and pressure associated with it are
The Friedmann equation is
To simplify our notation going forward, we will denote
we rewrite the Friedmann equation as
The acceleration equation is 26) and using the acceleration and the Friedmann equation to calculate the friction term (the bracket in front of ϕ ), we find the N -dependent form 27) where 28) and the second term scales as e
We can define the usual ratios of the densities to the critical density 3H 2 M 2 Pl ,
where we use the and then the Friedmann equation becomes just the fact that the sum of all the Ω's is one,
The nontrivial equation is the KG equation, which becomes
We now have to solve this equation, given some initial conditions, which are a certain ϕ = ϕ i , and an initial "velocity" (derivative with respect to N ) ϕ i < 0. As suggested by the V = 0 case considered in [22] , we expect to find some attractor-like behaviour, where some of the energy density components scale in the same way 2 .
We must distinguish however between the cases of c > 0, when the coupling factor F (ϕ) increases away from the inflationary plateau, i.e. at small ϕ (the plateau is at large ϕ), and the case of c < 0, when F (ϕ) decreases in the same direction as the potential, namely towards small ϕ.
In the c > 0 case, we can have a local, time (or N ) dependent minimum of the effective potential V eff , which allows for the possibility that ρ X and ρ V scale in the same way. Also the kinetic energy ρ kin,ϕ can a priori scale the same way.
In the c < 0 case, ρ V is approximately constant with N on the plateau, but ρ X will decrease as ∼ e
, so it will be subleading. But the kinetic energy ρ kin,ϕ can a priori scale in the same way.
In both cases, ρ rad ∼ e −4N , so it will subleading.
We will study the possible attractor behaviours in both cases, both analytically and numerically, in the next section.
Evolution and attractors
In order to find possible attractor-like behaviours, we consider an ansatz where the kinetic energy density ρ kin,ϕ is constant, so ϕ is constant,
If moreover the Hubble constant H is constant, as is expected if ρ V = V is approximately constant and the other terms are either negligible or scale in the same way in (2.24), then also Ω kin,ϕ = ρ kin,ϕ /(3H 2 M 2 Pl ) is constant, and so is
, which is what we would mean by an attractor-like behaviour.
Since as we saw, ρ rad scales as e −4N so it quickly becomes subleading, for an attractorlike behaviour as above, we find from the KG (2.32) and Friedmann (2.24) equations
We now analyze separately the cases c > 0 and c < 0.
The case c > 0
In this case, ρ X increases away from the plateau (at small ϕ), so we can have a local minimum of V eff .
Analytical results: Attractor 1
It is clear from the attractor equations (3.2) that, in order to have an attractor, and if as we said we have H constant, we need to have V ≡ dV /dϕ constant. Let us therefore assume that dV dϕ
is approximately constant, over a relevant number of e-folds N , and is small in Planck units, i.e., α M 3 Pl ; moreover,α 1. Here A = λM 4 Pl is the plateau value for the potential. Then we have approximately
The definition ofα, together with the conditionα 1 is done so that, in the context of inflation, the first slow-roll parameter is small,
Then, substituting Ω X from the second equation in (3.2) into the first, and using the definition ofα and of Ω V Ω V,0 , we find
Consider now an attractor with Ω V scaling in the same way as Ω X , that is with
Then we obtain
Incidentally, note that the equations is invariant under changing simultaneously the signs of c andα. Indeed, this is what happens if we redefine ϕ toφ = ϕ i − ϕ, to have a variable that increases from 0, instead of one that decreases from a large value: then in terms ofφ, we change both the signs ofα and of c. The more general equation (3.6) is also invariant under the simultaneous change of signs ofα, c and k, for the same reason.
The above is a linear equation in Ω V , which is solved by
(3.9)
We can now obtain some constraints on parameters. First, note that
Substituting the approximate value of Ω V in (3.9), we obtain the conditioñ
It seems then that, since we needα to be small we could have c be very large, so that we still haveα > 3/c. The problem is that then, we have Ω V very close to 1. Expanding inα, we get
A set of reasonable values for the parametersα and c, that don't give too small values for Ω X and Ω kin,ϕ , are:
These values satisfy the constraints above. The resulting Ω's for them are
, Ω kin,ϕ = 3 2c 2 3 2 · 400 1 300
,
These values are vey small, but measurable, so in this case we have a nontrivial attractor.
However, we need to remember that we will in fact compare with inflation in the next section, and that leaves a measurable imprint in the CMBR. The correct analysis will be done in the next section, but for now we will assume that the parameters we find for the attractor-like solution are also the parameters during inflation, which are measured in the CMBR. In this way, we will get oriented for the kind of values we need to take forα and c.
Since as we said,α = √ 2 , assuming the here is the same relevant for the CMBR (which is not quite correct, as we will see next section, but we will assume this for now), we must have n s − 1 = 1 − 6 + 2η 0.97. 
which are still not unreasonable.
For the generic conformal inflation (2.10), we havẽ
From the above valueα = 1/10, it means that the square bracket must equal this value. In the case where B = 2n (coming from a power law function g(x)), this is indeed consistent
With c ∼ 40, we get a coefficient of about 1/15. Then for N ∼ 5 e-foldings,α varies by a factor of e 1/3 1.4 (a 40% change), which is still reasonable, meaning that the attractor holds for about 5 e-foldings in this case.
In the case of the inverse power law potential (2.12),
if we want the sameα ∼ 1/10, for p = 2 we obtain
and now we can choose an initial value ϕ i large enough so that the above quantity doesn't vary for many e-folds.
However, one more potential problem is that generically we have |η| , instead of |η| , as assumed until now.
For the generic conformal inflation potential (2.10), we have
But then the scalar tilt is Then the ratios of energy densities are
which means thatα and η don't change significantly even over 70 e-folds, meaning that the attractor lasts at least as much.
For the inverse power law potential (2.12),
Then generically, we also have |η| (though with a sufficiently small B and not too large ϕ/M Pl we could avoid it).
But then, since 2η −3/100, we get Then, with B ∼ 1, we can impose ϕ i ∼ 4M Pl , and since as we saw,φ/M Pl N/70,α and η are virtually unchanged even over 100 e-folds.
It is worth noticing that we didn't need to satisfy the CMBR constraints, since inflation is actually subsequent to the attractor-like era considered in this section, as we will see in the next section. But we wanted to make sure that, even if we considered the tightest constraints, we can still obtain a nontrivial attractor, so we used the CMBR constraints as if this attractor-like solution already describes inflation (which it does not).
Finally, consider the fact that the effective potential
has an instantaneous (at fixed N ) minimum given by
But for the attractor, with k = 3/c, the N dependence cancels out on the right hand side of the above equation, which means that the (late time) attractor sits (or rather, "tracks" it) at the instantaneous minimum of the effective potential, ϕ att (N ) ϕ min (N ), meaning that there is a sort of adiabaticity.
Analytical results: Attractor 2
However, there is still one more attractor-like case to consider, that will also play a role in the numerics.
In the previous case, we had assumed that ρ X scales like ρ V , so we have a constant and nonzero Ω X .
If we consider instead that Ω X = 0, just like Ω rad = 0 for the attractor, we obtain another one. Then the Friedmann equation (2.24) becomes 32) or equivalently
On the other hand, the generic KG equation (2.32) in the assumption of an attractor (d 2 ϕ/dN 2 = 0) with Ω X = 0 becomes
which gives
For this attractor-like solution, we get
Then, for the maximum value ofα we considered (unrestricted by the CMBR),α ∼ 1/5, we get
whereas for the CMBR-constrained values we obtain
But of course, like for any dynamical system, if there is more than one attractor, each one of them has a "basin of attraction", a well defined region in the (phase) space of initial conditions, such that if we start inside it, we reach the given attractor.
To find initial conditions compatible with the Ω X = 0 attractor, we consider the fact that H 2 was scaled out of the KG equation near the attractor, but was otherwise given by the Friedmann equation as
Thus, since the overall ρ V just changes the scale of H 2 , if Ω X /Ω V Ω X,att. /Ω V,att , which is about 10 −4 in theα = 1/50 case, and if φ φ att. = 3/c, we will be quickly driven to the Ω X = 0 attractor.
Otherwise, if for instance we start with Ω X /Ω V Ω X,att. /Ω V,att. , the competition between the two terms (with Ω X and with dV /dφ) on the right hand side of (2.32) means that the other attractor will win.
Before turning to the numerical work, we note that we have defined the notion of "attractor" in a physical sense, not in a strict mathematical sense 3 . We defined it implicitly by having d 2 ϕ/dN 2 0 (compared to other terms) for a long enough number of e-folds (certainly larger than the number of e-folds needed to reach the "attractor"). Also note that we cannot be sure there are no more more attractors (other than the two above), but our extensive numerical work seems to suggest that there aren't.
Numerical results: Attractor 1
We solved numerically the KG equation (2.32) for ϕ(N ) with H given by (2.24), ensuring a flat universe. For generic conformal inflation, we used B = 6 while for the inverse power law potential B = 1 and p = 2, with A = 10 −9 , ρ m,0 = 10 −4 A, ρ rad,0 = 0.5A, α = 1/50 and c = 3/α + 40 in both cases (we used Planckian units in all numerical simulations). We considered the attractors-like solutions (3.26) and (3.29), since they last enough to have sufficient number of e-folds of inflation. The numerical solution corresponding to them are shown in Figure 1 and Figure 2 .
For generic conformal inflation, we can calculate the exact minimum of the potential at fixed N and compare with the numerical solution, to verify if the attractor follow the instantaneous minimum of the effective potential. This is shown in Figure 3 , from which we found numerically that at late times the attractor solution sits at the minimum. For the inverse power law potential, the instantaneous minimum satisfies a transcendental equation and in order to check if the attractor follows it, we computed V eff (ϕ(N ), N ) at numerical solution. If ϕ att (N ) ϕ min (N ), we should have V eff (ϕ att (N )) 0, after the attractor is reached. Figure 4 shows that this is actually the case.
Numerical results: Attractor 2
In this case, we expect the attractor-like solution to last less than attractor 1. This is so because k =α and then from c > 3/α we have that φ(N ) changes faster with N . Also, since Ω X ∼ e −cϕ−3N ∼ e −(3/α+∆c)(−αN )−3N ∼ eα ∆cN , we see that even starting with very small matter density it will increase so that numerical solutions will only approximate attractor 2.
We consider theα = 1/50 case with ρ X,0 = 10 −6 A, such that Ω X,0 /Ω V,0 10 −4 . Figures 5 and 6 show the numerical solutions for generic conformal inflation and inverse power law potentials. In the inverse power law case ϕ i = ϕ 0 = 4.64, and ϕ i = −α for both potentials. All other parameters are the same as attractor 1. We see that attractor 2 doesn't last more than 5 e-folds.
The case c < 0
In this case, ρ X decreases in the same direction, towards small ϕ, so there is no local minimum for V eff .
Analytical results
In this case, the second attractor from the previous subsection (c > 0 case) is still valid. Indeed, we saw that this attractor-like solution corresponds to Ω X = 0, so in this case the sign of the exponent of the coupling in Ω X is irrelevant.
Since moreover, in this case, there cannot be any nontrivial attractor with Ω X = 0,
N −3N decays, while Ω V stays constant, the only possible endpoint for any initial condition is the attractor with Ω X = 0. We will call this attractor a kinetic-potential phase.
Note that it is different from the case of inflation, in which Ω V dominates, and the kinetic energy is generically small, and then starts increasing. The nonzero energy densities are still given by (3.36) , but this time we don't have any constraints on the value ofα (likeα ≥ 3/c and Ω V 1 + 3/(2c 2 ) −α/c before), so we can fix it as we like. However, we still find that, for the valueα ∼ 1/50, consistent with CMBR in the hypothesis of inflation, the attractor is maintained for over 70 e-folds.
Generic initial conditions should lead to the attractor, but we must ensure that the attractor is reached in less than the number of e-folds it persists.
An interesting case, however, is now possible: we can have a kind of kinetic domination, usually called kination. Not quite that, of course, since in fact this is an attractor with small, though constant and nonzero, Ω V . That is, we can have k =α √ 6, so that
and Ω V very small, though nonzero, whereas Ω rad and Ω X are truly 0.
However, we still expect to find a condition on c for the existence of this attractor-like solution, since at c = 0 (no chameleon), we have no attractor (this is the standard inflationary case, which doesn't admit the kination phase). To understand this qualitatively, we rewrite the KG equation (2.32), in the case Ω rad = 0, as
This takes the form of a "force law", with the first term on the left hand side being the "mass times acceleration", and the second being a friction term, proportional to the velocity and opposing the acceleration. Then the term −dV /dϕ < 0 is a force driving us towards smaller ϕ, and the first term, for c < 0, is another driving force, in the same direction as the potential, allowing the constant velocity motion to go on for longer. If the initial condition has a very large ρ X , this term will dominate initially, so even if after a long time it decays to zero, its effect is felt through the settling the initial motion into the attractor. This suggests that there should be some minimum value for c, depending on the initial conditions, below which we don't get the attractor-like behaviour.
Numerical results
We considered just the generic conformal inflation potential for this case.
For ρ X = 0, we are back to the usual inflationary scenario. In this case, the conformal inflation potential is a plateau for large field values and becomes steep right before becoming negative. For the parameters used in previous section we have 0.21 for ϕ = 3, so inflation ends after around that. For typical initial conditions, with ϕ i well at the plateau and initial velocity smaller than the critical value √ 6, the field roll the potential slowly. This picture changes with ρ X = 0, where we can have the kinetic dominated attractor. But if |c| is not big enough, we found numerically that kination phase do not last much and ϕ starts to roll down the potential slowly until inflation end around ϕ 3. But increasing the value of |c| we get kination, as show in Figure 7 .
Table (1) shows what is the minimal value of |c| in terms of ρ X,0 such that the kinetic dominated attractor-like behaviour is achieved. Other parameters are the same used previously. 
Modifications to inflationary era and CMBR observables
In this section, we explore the consequences for inflation of the existence of the attractorlike behaviours found in the previous section. 
The case c < 0 and shortened inflation
In this case, the chameleon coupling term decreases in the same direction as the potential, and we saw that nevertheless we found a kinetic-potential attractor, with a constant "velocity" dϕ/dN and a constant Ω V . More interestingly, we could have an almost kination attractor, when Ω kin,ϕ 1. Normally, in inflation the scalar rolls down the potential slowly, and then accelerates as the slope steepens, finally ending inflation.
But in the current case, the main effect of the chameleon coupling is to start with a kinetic (almost kination) phase, and thus delay the onset of the region of inflation per se. Once the attractor behaviour ends, and the ρ X component has sufficiently decayed so as to become irrelevant, we are back to usual inflation. This of course depends on the initial value for ρ X at the start of the kinetic phase.
To compare with pure inflation case (c = 0) we need to set the initial value of ϕ such that transition from kinetic phase to normal inflation occurs before ϕ 3. But then pure inflation will remain for a large number of e-folds. Indeed, using the parameter values as in Figure 7 , we get that inflation ends around N = 1.7×10 6 . Now, for c = 0 and varying ρ X,0 , we found numerically that inflation ends earlier than that, assuming that it ends when ϕ reaches 3. Figure 8 shows numerical solutions with c = −50 and different values of ρ X,0 .
The case c > 0 and modified inflation
In this case, the chameleon coupling term increases in the direction that the potential decreases, leading to the existence of an instantaneous (at fixed N ) minimum of the effective potential V eff = V + ρ X . As we saw, the attractor 1 (with Ω X = 0) follows at late times this instantaneous minimum ϕ min (N ) of the effective potential, ϕ att (N ) = ϕ min (N ).
Unlike the c < 0 case then, we now have a motion that is qualitatively modified: the motion is not due to rolling down the potential itself anymore, but rather to the variation with N of the instantaneous minimum of V eff , where the scalar field sits. It is also not clear how and when this behaviour will end. We will look more into it in the next subsection.
But the result is that we have a new form of inflation, a modified inflation phase. Then strictly speaking, we have to calculate the spectrum of perturbations in this phase ab initio. In order to do so we rewrite our model in terms of a second scalar field that has a non-minimal kinetic coupling with the chameleon field. We show that such a model leads to equations of motion that are equivalent to the ones we had studied in the previous sections. The perturbations for two scalar fields where one of them has a non-minimal kinetic coupling and some general potential were computed in [36] . We will apply their results to our scenario.
Another important consistent check for the model is whether the presence of a second scalar field will lead to an increase of the entropy fluctuations. In the following section we check that the chameleon coupling in our model actually prevents the entropy modes to grow during inflation. We are then allowed to compute the scalar tilt and tensor to scalar ratio parameters in terms of the adiabatic modes only.
Unfortunately, in trying to compare with CMBR data, we face a quandary: we saw that the attractor behaviour ϕ att (N ) seems to go on forever, and there is no way to end inflation. That is relevant, since the scale that we see the CMBR in the sky now, k 0 ∼ 10 −3 M pc −1 , is situated a number N = N (k 0 ) e-folds of inflation before the end of inflation, related (by the known evolution of the Universe, assuming a normal Einstein-gravity radiation dominated phase after reheating until Big Bang Nucleonsynthesis) by the usual formula
where ρ * is the energy density at the end of inflation and T R is the reheat temperature.
Assuming some standard values for ρ * and T R , one gets around 60 e-folds of inflation from the scale k 0 (relevant for CMBR) exiting the horizon, when we should measure n s and r, and the end of inflation.
Thus in order to be consistent with observations, we must find a way to end inflation.
Ending inflation for c > 0
The simplest way to end inflation in the case c > 0 is to remember that the heavy nonrelativistic particle(s) that make up ρ X must decay, since they are not there after inflation. That is, they must have a decay constant Γ = 1/τ with τ of the order of the age of the Universe at the end of inflation. Then the energy density ρ m of this component satisfies the usual modified equation of motioṅ
This implies an extra factor in the decreases of ρ X = ρ m F (ϕ) with N of
Then, for instance for a Γ ∼ 0.1H (or τ ∼ 10H −1 ), we would obtain an extra factor of e −0.1N . After about 100 e-folds, this would give a contribution of about e −10 10 −4.3 .
However, the drawback of this method is that it goes on very slowly, instead of the sudden end to inflation that we usually need.
One alternative possibility would be to say that, once the slope of the potential V (ϕ) starts becoming steep (so that its own or η would be of order 1, so that normal inflation would have ended), some unknown particle physics mechanism would allow ρ m to decay into the inflaton/chameleon particles themselves, thus ending inflation, and allowing reheating (the conversion of the inflaton into lighter particles) to happen. This can be implemented as an ad-hoc turning off of ρ X at the same time normal inflation would have ended, though it is not clear how one could implement it in detail from a particle physics perspective. In the rest of this section we calculate the CMBR observables as a function of the number of e-folds of inflation.
Microscopic description
To proceed with the calculation of the inflationary observables, we show the consistency of our model with the one considered in [36] . In fact, the equations of motion we have assumed during this paper have a microscopic description given by the Lagrangian:
where the non-relativistic matter can be described, without loss of generality, by a scalar field,
In terms of the Einstein-frame metric the above action can be rewritten as 6) which has exactly the form considered in [36] with
In our case we consider everything in terms of the inflaton and the energy density of a matter (p = 0 in the Einstein-frame) fluid. We need to find a mapping between the energy density 4 ρ m and the second scalar field χ. In order to do so, we computẽ
and then use 5 ρ m = F (ϕ) 3ρ m . Assuming a homogeneous field, we have that
Then we find
we have
Therefore, the condition for χ to describe a matter fluid, p = 0, implies which are exactly the equations we have used throughout this paper. Note that to find it we had to use the matter fluid condition, since the chameleon coupling is sensitive to the equation of state of the fluid.
Adiabatic and entropy perturbations for the action in (4.6) were also computed in detail in [36] . Having showed our macroscopic description is recovered by the microscopic one given by (4.6) we now move on to investigate whether these perturbations are under control in our scenario.
Adiabatic and Entropy Perturbations
Following [36] , in order to proceed with calculations we first decompose the fields in its adiabatic and entropy components (see also [38] [39] [40] and we write the metric perturbations in longitudinal gauge Figure 9: Evolution of the effective mass for the conformal inflation model during inflation, evaluated for the solution showed in Figure 1 . Entropy perturbation field gets heavier due to the coupling to the chameleon field.
Perturbations in conformal inflation with chameleon coupling
From equation (4.20) and (4.21), we see that entropy perturbations will feed adiabatic modes and vice versa. Since there is no evidence for entropy modes in the CMB data, we must check if entropy perturbations are under control in our model. In order to do so, we rewrite equation (4.21) as
One can see that the entropy evolves freely at super-Hubble scales. Moreover, in order for small-scale quantum fluctuations to generate super-Hubble perturbations during inflation, the fluctuation should be light compared to the Hubble scale. In fact, the existence of super-Hubble entropy perturbation requires that 24) otherwise the perturbations stay at the vacuum state and there is a strong suppression at large scales.
It is straightforward to rewrite the effective mass in terms of the number of e-folds N and evaluate it in terms of the solutions we obtained in the previous sections. Figure 9 and 10 show that the effective mass is much bigger than the Hubble scale during inflation. More than that, in both cases the chameleon coupling effectively makes the entropy modes more and more massive during inflation, strongly suppressing its effects.
One can ask what happens with the sub-Hubble modes. Assuming an usual BunchDavies vacuum initial condition, ζ and δs initially have amplitudes of the same order. Using Figure 10: Evolution of the effective mass for the power law model during inflation, evaluated for the solution displayed at Figure 2 . Entropy perturbation field also gets heavier due to the coupling to the chameleon field in this scenario.
the time scales for the variation of the perturbations,ζ ∼ Hζ and δṡ ∼ m eff δs, one can see from (4.21) that the feeding of entropy modes by adiabatic perturbations is negligible also in small scales. Therefore, in a semi-classical point of view (where ζ and δs are classical fields with quantum initial conditions), the contributions for the power spectrum of adiabatic perturbations are of the order O(H 2 /m 2 eff ) and can be safely neglected in our model.
From the above discussion, we only need to solve the homogeneous equation for the adiabatic modesζ 25) which leads to the usual relation for the power spectra of the perturbations 26) with the ε and η written in terms of H as functions of N :
Also, since tensor perturbations are independent of scalar ones, we can use:
As we have previously discussed, in order to leave the attractor phase we need to choose a time to end inflation. We will use the time inflation would end if we didn't have Figure 11 : The chameleon coupling to the conformal inflation model almost take its observables outside the allowed region by Planck satelite measurents [41] . For the power law model it makes inflation lasts enough e-folds and the observables lie inside the region allowed by observations. a chameleon coupling for both models. This will also be important to compare how the coupling with chameleon change the observables values for the conformal inflation model.
In the conformal inflation potential case, the tilt and scalar to tensor ration is then given by n s − 1 = 0.9743, r = 0.0508, (4.29) for 50 e-folds (everything evaluated at N = 201) and n s − 1 = 0.9765, r = 0.0421, (4.30) for 60 e-folds (everything evaluated at N = 191).
For the inverse power law potential case, we have n s − 1 = 0.9712, r = 0.0292, (4.31)
for 50 e-folds (everything evaluated at N = 49) and n s − 1 = 0.9742, r = 0.0229, (4.32) for 60 e-folds (everything evaluated at N = 39).
It is interesting to compare these results with the pure conformal inflation class of models, where for 50 e-folds we get n s = 0.9600, while for 60 e-folds n s = 0.9667 (see Figure 11) . We see that the coupling of the chameleon with non-relativistic matter shifts the values of cosmological observables from the sweet spot of Planck data to almost out of the region allowed by the observations in the conformal inflation case but they still lie inside the region allowed by observations for the power law model considered here.
Conclusions
In this paper we have investigated the possibility that the inflaton in conformal inflation models is also a chameleon, containg a coupling ρ m F (ϕ) = ρ m e −c(ϕ−ϕ 0 ) to the energy density ρ m of some heavy non-relativistic particles present during inflation.
Depending on the sign of c in the exponent of the coupling, we have found two different behaviours. In the c < 0 case we could introduce a long period of almost kinetic domination, with an attractor-like behaviour with 1 − Ω kin,ϕ 1, that precedes the inflationary phase, and thus shortens it. In the c > 0 case we found that there are attractor-like behaviours possible, one of which corresponds to sitting at the instantaneous minimum ϕ min (N ) of the effective potential V eff (ϕ, N ) = V (ϕ) + ρ X (ϕ, N ). We have shown the modifications of the CMBR inflationary observables n s and r after proving the equivalence between our equations of motion and the ones obtained by the microscopic description presented in [36] . We have checked that the second field is heavier than the Hubble scale and so does not generated entropy modes during inflation. More than that, the chameleon coupling with the second scalar field strong suppress the growth of entropy modes during inflation by increasing its effective mass. For conformal inflation models we have found that the presence of non-relativistic matter coupled to a chameleon shifts the value of n s and r from the sweet spot of Planck data to almost out of the region allowed region by the data. For the inverse power law case we have shown that the coupling with chameleon extends the period of inflation and the values for the observables lie in the region allowed by observations. Note added. After our paper was first posted on the arXiv, we became aware of the paper [42] , that also deals with inflation coupled to norelativistic matter, though mostly from supergravity embeddings. Their conclusions seem somewhat different, probably because of the differences in models, and their specific initial conditions, but they also find that inflation is modified by the chameleon coupling. acknowledges financial support from the South African Research Chairs Initiative of the NRF and the DST. HB and RC are would like to thank McGill University for hospitality during part of this project. Any opinion, finding and conclusion or recommendation expressed in this material is that of the authors and the NRF does not accept any liability in this regard.
